The ~1.8 Ga Nattanen-type granites in the Finnish Lapland and western Kola Peninsula are found as several relatively small, high-level, discordant plutons that are easily discernible as weak maxima on aeromagnetic maps. We present U-Pb mineral isotope data on the Finnish plutons. The concordia ages are in the 1.79−1.77 Ga range and there is little evidence for inheritance. Initial radiogenic isotope compositions (our common-Pb data combined with previously published whole-rock Nd and Hf data) imply a major, yet varying, Archean source component. Elemental geochemical data on five Finnish intrusions (the Nattanen stock, the Tepasto and Pomovaara complexes, the Riestovaara and Vainospää batholiths), as well as, associated dyke rocks allow the Nattanen-type granites to be classified as oxidized A-type granites. Their petrogenesis may be related to partial melting of the lower crust by mafic underplating (extensional setting) or as a result of thermal relaxation in thickened crustal setting.
Introduction
Since their recognition in the 1920's (Mikkola, 1928) , the Nattanen-type granites in northern Finland and adjacent Russia have remained a rare example of highly discordant, post-orogenic, high-level granite plutons in the far north of the Fennoscandian shield. These plutons (the Nattanen stock, the Tepasto and Pomovaara complexes, the Riestovaara and Vainospää batholiths on the Finnish side; the Juvoaivi stock and the Litsa-Aragub complexes on the Russian side) are younger (~1.77-1.80 Ga; Kouvo et al., 1983; Meri läinen, 1976 , Vetrin et al., 2006 ; this study) than their immediate country rocks and are found as multiple intrusions within the Neoarchean and early Paleoproterozoic metamorphic bedrock of Finnish Lapland and vicinity. The Nattanen-type granites are characterized by miarolitic cavities, evolved com-positions, and an oxidized redox budget (titanite and magnetite as conspicuous minor phases) (Haapala et al., 1987; Front et al., 1989; Lehtiö, 1993) . They are also associated with evolved rhyolitic dyke rocks and minor Mo-mineralization. Geochemically, the Nattanen-type granites have previously been considered mainly I-type, but some of the more evolved intrusive phases of the plutons may show A-or S-type characteristics (Front et al., 1989) . Available isotope data (Lu-Hf, Sm-Nd, Pb-Pb) imply a major Archean source component for these granites (Patchett et al., 1981; Kouvo et al., 1983; Huhma, 1986) . In this paper we present whole-rock and K-feldspar Pb-Pb as well as zircon, monazite, and titanite U−Pb isotope data on the Nattanen-type intrusions. We use these data to examine the temporal evolution of the granites and refine their source model. We also elaborate on existing whole-rock elemental geochemical data in order to enhance their typological significance.
Geologic setting
The northern part of the Fennoscandian shield is composed of several Archean crustal domains (Karelia, Kola, and Norrbotten, inset in Fig. 1 ; e.g., Lahtinen et al., 2005) and intracratonic basins of Paleoproterozoic supracrustal rocks that were intruded by several generations of mafic and felsic intrusive rocks (e.g., Hanski & Huhma, 2005; Nironen, 2005) . Extensional tectonics prevailed in the early Paleoproterozoic, fracturing the Archean Karelian craton from ca. 2.45 Ga onwards and creating gradually deepening basins that were subsequently filled with supracrustal material (e.g., Lehtonen et al., 1998; Hanski & Huhma, 2005) . The long extensional period ended by ca. 1.93 Ga when the Karelia and Kola domains collided (the Lapland-Kola orogeny) and the Lapland granulite belt (LGB) was formed (Daly et al., 2001; Lahtinen et al., 2005 and references therein; Fig. 1 ). The Lapland-Kola orogeny was followed by the collision of Karelia with the Norrbotten domain ( Fig. 1 inset) from the present northwest at ca. 1.92 Ga (Lahtinen et al., op.cit.) . The Karelia-Norrbotten collision thrusted the volcanic rocks of the Kittilä group on to the Karelian domain (Lehtonen et al., 1998; Hanski & Huhma, 2005; Lahtinen et al., 2005; Patison et al., 2006) . The final major accretional event was the formation of the Svecofennian domain in the south (e.g., Lahtinen et al., op. cit.) .
Several granitoid-forming events (most of them collisional) have been recognized in the northern part of the Fennoscandian shield (e.g., Nironen, 2005 and references therein). However, the oldest known Paleoproterozoic granites of ca. 2.1 Ga age cannot be connected to any presently known collision (Huhma, 1986; Rastas et al., 2001; Ahtonen et al., 2007) . Granitoids with ages in the 1.95-1.91 Ga range (and classified as preorogenic by Nironen, 2005) are known within the Hetta complex ( Fig. 1 ; Rastas et al., 2001) as well as intruding the Kittilä group (Huhma, 1986; Rastas et al., 2001; Ahtonen et al., 2007) , the Lapland granulite belt (LGB; , and in the Inari complex (Meriläinen, 1976) . Synorogenic, ca. 1.89-1.86 Ga granitoids intruded the older rock types mostly in Sweden and western Lapland, and they are coeval with the Svecofennian granitoids farther south (e.g., Lehtonen et al., 1998; Bergman et al., 2001; Nironen, 2005) . The last granite-forming phase occurred between 1.80 Ga and 1.76 Ga, producing the deformed migmatites, leucogranites, and appinitic intrusions (Mutanen & Väänänen, 2004) of the central Lapland granitoid complex (CLGC; the late-orogenic granites of Nironen, 2005 ; see also Ahtonen et al., 2007) , as well as the discordant Nattanen-type granite plutons.
The Nattanen-type granites
The Nattanen-type plutons are found in western, central, and northern Finnish Lapland. The location of these granite plutons seems to be largely controlled by crustal-scale fracture zones and they are found in all three blocks of the Archean crust (Figs. 1 and 2). The following description of the Nattanen, Tepasto, Pomovaara, and Riestovaara intrusions is mainly based on Front et al. (1989) and concerning ore minerals it is based on Lehtiö (1993) ; the Vainospää granite is described after Meriläinen (1976) and the Korsman et al. (1997) , and Haapala et al. (1987) . Key to the intrusions: 1 = Tepasto; 2 = Pomovaara; 3 = Riestovaara; 4 = Nattanen; 5 = Vainospää; 6 = Juvoaivi; 7 = Litsa-Aragub. Key to the crustal units: IC = Inari complex; LGB = Lapland granulite belt; KA = Kittilä allochthon; HC = Hetta complex; CLGC = Central Lapland granitoid complex. Inset shows the location of the area relative to the Fennoscandian shield. KoD = Kola domain; KarD = Karelian domain; ND = Norbotten domain; SD = Svecofennian domain; TIB = Trans scandinavian igneous belt; SSD = Southwest Scandinavian domain. Nattanen-type granites in Russia after Vetrin et al. (2006) .
The Nattanen-type granites are typically unfoliated, medium-to coarse-grained monzogranites with allanite, zircon, and titanite as typical accessory minerals (Mikkola, 1941) . The granite types of the plutons differ more in texture than in mineral composition. The main mineralogical and petrographic features of the Nattanen-type granites are summarized in Table 1 .
Nattanen stock
The type intrusion of the Nattanen-type granites, the Nattanen stock (Fig. 3a) , is mainly hosted by the LGB that is composed of alternating layers of psammitic to pelitic migmatites and younger, ca. 1.92-1.91 Ga rocks of norite-enderbite series . Most of the Nattanen stock consists of coarse-grained biotite granite. Medium-grained granite is found only in the southern parts where the pluton intrudes garnet-hornblende gneisses instead of granulites. The stock is surrounded and rarely cross-cut by numerous rhyolite dykes with several textural variants from banded to spherulitic.
Tepasto complex
The westernmost Nattanen-type intrusion, the Tepasto complex, is hosted by Paleoproterozoic granites and migmatites of the Hetta complex that are in turn surrounded by the volcanic rocks of the Kittilä group (e.g., Lehtonen et al., 1985 Lehtonen et al., , 1998 Korsman et al., 1997; Pakkanen, 1993; Rastas et al., 2001) . The Tepasto complex consists of several different granite types that form a concentric stock (Fig. 3b) . The biotite-bearing coarse-porphyritic granite of the outer part is intruded by biotite granite in the central part of the pluton. The youngest phase is aplite granite that cross-cuts and brecciates the other granite types. Zircon U-Pb age of 1802±10 Ma (MSWD=7) was reported for the coarse-porphyritic granite of the Tepasto stock by Rastas et al. (2001) . Several small Moand Cu-occurrences have been found associated with the Tepasto complex. Most of them are in contact with the aplite granite or in small greisens near them. Ore minerals include molybdenite, bornite, covellite, chalcopyrite, hematite, pyrrhotite, magnetite, pyrite, sphalerite, ilmenite, and goethite.
Pomovaara complex
The Pomovaara complex in central Lapland comprises three individual stocks: Lehtovaara, Pomovaara, and Tenniövaara ( Fig. 3c ; Front et al., 1989; Wennerström & Airo, 1998) . The Lehtovaara stock is mainly composed of coarse-porphyritic granite and minor granite porphyry. The Pomovaara stock is a concentric multiphase pluton with biotite-bearing porphy- Table 1 . Summary of the major granite phases of the Nattanen-type granites in northern Finland, their mineralogy and main petrographic features. Fig. 3 . Lithologic maps of the a) Nattanen stock; b) Tepasto complex; c) Pomovaara complex; d) Riestovaara batholith. The Nattanen-type intrusions modified from Front et al. (1989) , country rocks adapted from Lehtonen et al. (1998) and Korsman et al. (1997) .
ritic granite at the outer rim and biotite granite and two-mica granite in the central part. The Tenniövaara stock is composed of gray, porphyritic granite, which shows a weak orientation. Some porphyritic granite and aplite dykes are found outside the southern contact of the Tenniövaara stock. The Pomovaara complex is hosted by quartz-feldspar gneisses that have been considered to be Archean in age. However, the gneisses chiefly show heterogeneous Paleoproterozoic zircon populations, some of them with a rather well constrained magmatic age of ca. 2.49 Ga (Manni nen et al., 2001) . Minor Mo-mineralization is found in the Pomovaara complex and is associated with aplite and pegmatite dykes, quartz veins and mylonites. Ore minerals in the Mo-occurences are molybdenite, chalcopyrite, pyrite, arsenopyrite, hematite, and goethite.
Riestovaara batholith
The Riestovaara batholith (Fig. 3d) is the largest Nattanen-type granite pluton on the southern side of the LGB. It is hosted by Archean granitic gneisses in the north and Paleoproterozoic quartzites, mica schists, gneisses, and metavolcanic rocks (2454 ± 5 Ma) in the south (Front et al., 1989; Manninen et al., 2001; Nironen & Mänttäri, 2003) . The batholith consists of three granite types. Coarse-porphyritic granite is the oldest phase and forms an incomplete rim around the pluton. Most of the Riestovaara batholith consists of porphyritic granite, which is cross-cut in the central part of the intrusion by medium-grained granite. All granite types are biotite-bearing and undeformed, but magmatic foliation is observed in some outcrops. The southern part of the Riestovaara batholith hosts some granite porphyry dykes that are also present within the host rocks. Quartz-feldspar porphyry dykes, aplite dykes, and granodioritic to quartz dioritic dykes are also found.
Vainospää batholith
The Vainospää batholith is the largest of the Nattanen-type plutons in Finland. The thickness of the batholith has been approximated to 6 km by threedimensional gravity modeling (Elo et al., 1989) . The batholith is hosted by the rocks of the Archean Inari terrane, on the NE side of the LGB (Fig. 1) . Meriläi-nen (1976) coined the intrusion the Kyyneljärvi-Vainospää granite and divided it into two sub-areas: the southern, gray Kyyneljärvi granite and the northern Vainospää granite. The latter consists of slightly foliated, pink-gray, porphyritic granite and grey, coarse-grained granite.
Nattanen-type granites in Russia
Several Nattanen-type granite plutons are also found in the Russian territory east of the Vainospää batholith and the Nattanen stock ( Fig. 1 ; e.g., Vetrin et al., 1975; Vetrin et al., 2006) . The small Juvoaivi stock that intrudes the rocks of the LGB on the Russian side of the border was described and included in the Nattanen-type group by Mikkola (1928) . The larger Litsa-Aragub complex farther north consists of at least six intrusions covering an area of 900 km 2 along a large fault zone that probably controlled their emplacement. The Juvoaivi and Litsa-Aragub granites show ages in the 1.79-1.76 Ga range (Vetrin et al., 2006) . The magmatic association in the Litsa-Aragub complex forms a series from diorites to granites and leucogranites.
Geochemistry
We have compiled 115 whole-rock geochemical analyses of the Nattanen-type granites. The dataset contains 75 previously unpublished major element analyses from the Nattanen stock (Table 2) , 25 major and trace element analyses from all Nattanen-type rocks from The Rock Geochemical Database of Finland (Rasilainen et al., 2007 ; Appendix 1), and 15 selected granite major element median compositions from Front et al. (1989; Appendix 1) . Samples of aplite and rhyolite dykes from the Nattanen intrusion are also included. *) Methods for data: All major element samples were analysed by atomic absorbtion spectrophotometer (AAS) at Geological survey of Finland (GTK). Zr analyses were done by energy dispersive X-ray spectroscopy (EDX), and Ga analyses by optical emission spectrometry (OES) at Geological Survey of Finland (GTK). Figure 4 shows the major element composition of the Nattanen-type granites of Finland. The granites are alkali-calcic to calc-alkaline ( Fig. 4a ) and marginally peraluminous (A/CNK between 1.0 and about 1.1; Fig. 4b ). SiO 2 content is high (~70-78 wt.%) and the Mg# (Fig. 4j) and MgO values are mainly low (0-39 and <0.09-0.76 wt.%, respectively). The Nattanen stock and related aplite and rhyolite dykes are the most evolved, whereas the Vainospää and Riestovaara granites are the least evolved (Fig. 4) . The Nattanen-type granites show generally high average contents of the LIL elements (Ba 790 ppm, Rb 208 ppm, Sr 153 ppm), Ga (27 ppm), Nb (15 ppm), Th (31 ppm), U (5 ppm) and Zr (219 ppm); compatible trace elements are mostly below the detection limit (Table 3 ). Figure 5a shows chondritenormalized REE distributions of the Nattanen-type granites. Overall, the REE contents are rather high for felsic rocks. The REE patterns are steeply fractionated [(La/Yb) N ~ 50 in average] with a moderate negative Eu anomaly (Eu/Eu* ~ 0.4). In primitive mantlenormalized diagrams (Fig. 5b) all the Nattanen-type granites show similar patterns: they are rich in incompatible elements and display negative Ta, Nb, Sr, P and Ti anomalies.
Elemental geochemistry 4.1.1. General description

Classification
In previous studies (Haapala et al., 1987; Front et al., 1989) , the Nattanen-type granites were considered as I-type on the basis of mineral composition (magnetite and titanite as characteristic accessory minerals) and the currently available geochemical discrimination criteria (high Na 2 /K 2 O, Fig. 6a ; relatively weak alumina saturation, Fig. 4b ). The authors mentioned that some varieties of these granites show Stype and A-type geochemical characteristics. In the Rb vs. (Y+Nb) classification diagram of Pearce et al. (1984) (Fig. 6b ) the Nattanen-type granites plot in the volcanic arc granite field; some of the Vainospää and Riestovaara samples fall, however, into the syncollisional granite field. According to Pearce (1996) post-collisional granites are difficult to classify with the Rb vs. (Y+Nb) diagram because of their variable source.
In the new classification scheme of Dall'Agnol & Oliveira (2007), designed to separate calc-alkaline granites from A-type granites and oxidized Atype granites from reduced A-type granites, the Nattanen-type granites show a consistent A-type character. In the CaO/(FeOt+MgO+TiO 2 ) vs. CaO+Al 2 O 3 ( Fig. 6c ) and CaO/(FeOt+MgO+TiO 2 ) vs. Al 2 O 3 diagrams ( Fig. 6d) , the Nattanen-type granites fall mostly in the A-type granite field and they differ clearly from the calc-alkaline granites. However, it should be noted that the Riestovaara and Vainospää granites show partly calc-alkaline (high CaO) characteristics. In the FeOt/(FeOt+MgO) vs. Al 2 O 3 ( Fig. 6e ) and FeOt/(FeOt+MgO) vs. Al 2 O 3 /(K 2 O/Na 2 O) diagrams ( Fig. 6f ) , the Nattanen-type granites are transitional between reduced A-type granites, oxidized Atype granites, and calc-alkaline granites, mostly because of their moderate enrichment in FeO relative to MgO. The majority of the Nattanen-type granites are oxidized A-type granites. Rhyolite dykes from the Nattanen stock show strongest the FeOt enrichment compared to MgO and the dykes show reduced Atype characteristics. The Vainospää and Riestovaara Analyses were performed at the Laboratory for Isotope Geology at the Geological Survey of Finland (GTK), Espoo, during 1966 Espoo, during -1981 . Early analyses carried out by using Borax-fusion are marked in Italics (for methods, see Vaasjoki (1977 Vaasjoki ( , 2001 ). *) Isotopic ratios corrected for fractionation, blank and age related common lead measured from K-feldspar ( ***) HF: zircons were treated in an ultrasonic cleaner with 5% HF for four minutes (Krogh et al., 1982) . Table 3 . (cont.) granites fall between the oxidized A-type and calc-alkaline classes. In the classification scheme of Whalen et al. (1987) , the Nattanen-type granites show clear A-type characteristics and fall apart from the S-, M-, and I-type granites, mainly because of their high Ga/ Al and Ce values. Obviously, the Nattanen-type granites can be rightfully considered as oxidized A-type granites.
Zircon saturation thermometry
Zircon saturation temperatures (Watson & Harrison, 1983 ) calculated for the Nattanen-type granites are in the 720-880 °C range (Fig. 7) . Samples from the granite plutons mostly show temperatures above 760 °C, whereas the temperatures calculated for the rhyolitic and aplitic dykes are somewhat lower in average. The U-Pb zircon data acquired for the Nattanen-type granites (e.g., Meriläinen, 1976; Rastas et al., 2001; this volume) indicate that the amount of inherited zircon is very small and thus the calculated zircon saturation temperatures may be considered at least fair estimates of the actual crystallization temperatures (e.g., Miller et al., 2001) .
Zircon saturation temperatures after Watson and Harrison (1983) from other geochemically A-type granites in Finland give the following results: the Honkajoki post-kinematic granite in the central Finland granitoid complex 825-900 °C (Elliott, 2001) , the Bodom and Obbnäs rapakivi granites in southern Whalen et al., (1987) . Comparison fields after representative (SiO 2 > 65 wt. %) analyses of rapakivi granites from Rämö (1991), Rieder et al. (1996) and Kosunen (1999) (from Wiborg, Bodom, and Obbnäs) and representative (SiO 2 > 65 wt. %) shoshonitic rocks after Rutanen et al. (1997) (from southern Finland and Russian Karelia). Fig. 7 . FeOt/(FeOt+MgO) vs. zircon saturation temperature plot for the Nattanen-type granites of Finland. FeOt denotes total iron as FeO, zircon saturation temperatures calculated according to Watson and Harrison (1983) .
Finland 830-950 °C (Kosunen, 2004) . These are of the same order or slightly higher than the temperatures calculated for the Nattanen-type granites.
Isotope geology
In the 1970's isotope geological studies on the Nattanen-type granites were performed at the Isotope Laboratory of the Geological survey of Finland (GTK) in association with a comprehensive dating project (Meriläinen, 1976) . Some U-Pb analyses were made already in the 1960's on zircon, monazite, and titanite using the borax-fusion method. These data, comprising 40 U-Pb and 30 Pb-Pb thermal ionization single collector mass spectrometer (TIMS) analyses, are reported in this paper.
U-Pb results
Nattanen-type intrusions south of the Lapland granulite belt
Twenty one U-Pb analyses on zircon and monazite were made from five granite samples (A173, A266, A527, A369, A417) of the Nattanen, Pomovaara, and Riestovaara plutons located south of the LGB (Table 3, sample locations in Fig. 2 ). The zircon populations in these samples are rather similar and consist predominantly of euhedral, simple, short prisms. The data show that the common Pb content is often high and the results are discordant. All data for the Nattanen-type granites, including two borax-fusion analyses on monazite, plot roughly along a chord that gives intercept ages of 121±43 Ma and 1775±10 Ma (Fig. 8a) . In the five samples analyzed, high MSWD of 18 is indicative of substantial scatter in excess of analytical error, which may partly be due to varying zircon populations. The regression line tilted through the five analyses of Nattanen sample A173 intercept the concordia curve at 109±22 Ma and 1768±6 Ma (MSWD = 1.6; Fig. 8a ). The upper intercept relies heavily on a nearly concordant borax-fusion analysis on monazite. The upper intercept age of the Nattanen sample A527 is 1789±5 Ma (MSWD = 2.2), if one analysis with a high common Pb content is excluded. This result is, however, much dependent on analysis A527D2, which has been made from a zircon fraction leached in cold HF, and may thus be biased by unconstrained fractionation. This may also be the case with the two analyses from the Riestovaara (Roivanen) sample A417 (Fig. 8a) . Based on these data we conclude that the age of the Nattanen-type magmatism south of the LGB is ca. 1775±10 Ma in age. The best-fit age result for the Nattanen stock obtained from sample A173 is 1768±6 Ma. The amount of possible xenocrystic zircon within Nattanen-type granitoids is very limited.
Vainospää batholith
The U-Pb data on the Vainospää batholith (Fig. 1,  2 ) comprises 19 analyses on three samples (Table 3 ).
The analyzed zircon crystals are pale, euhedral, short, and simple prisms. The analyses show that the common Pb content is typically high and the results are very discordant (Fig. 8b) . However, the two analyses on titanite give concordant U-Pb results, yielding an age of 1775±7 Ma. The eleven analyses on sample A169 provide a chord that intercepts the concordia at 346±34 Ma and 1784±20 Ma. The fairly high MSWD of 7.9 suggests some scatter due to geological processes or underestimation of analytical error. Using all nineteen U-Pb analyses from samples A168, A169, A210 the intercepts are 341±22 Ma and 1782±16 Ma (MSWD = 9.4; Fig. 8e ). From the concordant results obtained for magmatic titanites we conclude that the Vainospää granite crystallized at ca. 1775±7 Ma and that it does not contain appreciable amounts of older xenocrystic zircon.
Pb-Pb results
Lead isotope analyses on whole-rock and K-feldspar fractions were used to constrain the age and origin of the granites. These data are presented in Fig. 9 . The diagrams show the twostage model of the evolution of crustal lead by Stacey and Kramers (1975) and selected model ratios from the plumbotectonic model of Zartman and Doe (1981) .
The data on the Nattanen granites and porphyritic rhyolites (15 analyses on whole rocks, five on Kfeldspars) are scattered and do not provide a reliable isochron. Particularly, the most radiogenic analyses of the porphyritic rhyolites (Table 4) suggest late open system behavior and are thus not plotted in figures . For the Nattanen stock, an age of 1719±200 Ma can be calculated from four whole-rocks and four K-feldspar analyses (Fig. 9a) . The Pb isotope analyses on three whole rock-K-feldspar pairs from the Vainospää granite yield an age estimate of 1733±87 Ma. The two analyses on whole rock and K-feldspar from the Tepasto granite A184 are consistent with the U-Pb zircon age of ca. 1.8 Ga (Rastas et al., 2001) .
Because K-feldspar has a very low U/Pb-ratio and no major metamorphic episodes have affected the Nattanen-type granites since their crystallization, the measured Pb isotopic ratios can be viewed as a reasonable estimate of the initial isotopic composition of the granite. In the case of Nattanen this is relatively unradiogenic ( Fig. 9a) . The K-feldspar data plot slightly below (Nattanen) and above (Vainospää) the Zartman and Doe (1981) plumbotectonic model value for the unradiogenic lower crust at 1.8 Ga. The initial isotopic composition of Tepasto granite is more radiogenic than of Nattanen and Vainospää, but less radiogenic than the average terrestrial lead at 1.7 Ga. In the 208 Pb/ 204 Pb vs. 206 Pb/ 204 Pb diagram (Fig. 9b) , K-feldspars from Nattanen and Vainospää plot near the Zartman and Doe (1981) lower crust value, which confirms the lower crustal lead isotope signature.
Discussion
Geochemical classification
A-type granites are considered to have crystallized from hot, restite-free and relatively anhydrous magmas (e.g. Loiselle & Wones, 1979; Eby, 1990) . Their conspicuous geochemical traits include high alkali abundances, Fe/Mg, Ga/Al, Zr, Nb, Ga, and REE and a negative Eu anomaly. The abundances of CaO, MgO, Sc, Cr, Ni, Ba, Sr, and Eu are generally low (op. cit.). A-type granites are most often connected to an extensional tectonic setting, although Whalen et al. (1987) demonstrated that A-type rocks are also found in active subduction zones and transcurrent regimes. Experimental studies suggest that A-type granite magmas may be generated by fluid-absent partial melting of intermediate-felsic rocks involving breakdown of halogen-rich mica and amphibole in mid-to lower crustal pressures and high temperatures (Creaser et al., 1991; Skjerlie & Johnston, 1993) . Thus the melting process and source composition may be more important in the genesis of A-type granites than the tectonic setting in which the granites have been emplaced.
The Nattanen-type granites are characterized by high SiO 2 , Fe/Mg, LREE, and high contents of incompatible elements (K, Rb, Ba, Th, U). These features point to a crustal source with very little mantle involvement (Figs. 5, 6; Table 2; Appendix 1). This Vaasjoki (1977) . **) wr = whole rock fraction, kfs = K-feldspar fraction ***) After Stacey and Kramers (1975) two stage model Isotopic ratios corrrected for fractionation using the CIT standard (Catanzaro, 1967) , errors 0.2-0.3%. Stacey and Kramers (1975) , Z&D = represent mantle, upper crust, and lower crust at 1.7 Ga and 2.8 Ga after Zartman and Doe (1981) study shows that the Nattanen-type granites have a high Fe/Mg ratio typical for oxidized A-type granites. The rhyolite dykes from the Nattanen stock are more evolved and show reduced A-type characteristics (Fig. 6 c-f ; Dall'Agnoll et al., 2007) . The up-todate analyses further allow us to use the classification of Whalen et al. (1987) to confirm the A-type characteristics of the Nattanen-type granites. High Zr saturation temperatures and lack of significant inherited zircon in the Nattanen-type granites also point to an A-type character.
Geochemically, the Nattanen-type granites are similar to the 1.65-1.54 Ga anorogenic, reduced A-type rapakivi granites (e.g., Rämö & Haapala, 2005) , and the ~ 1.8 Ga post-orogenic shoshonitic rocks (e.g., Andersson et al., 2006) of southern Finland. Some differences between these three granite groups can be observed, however. For example, in the tectonic classification of Pearce et al. (1984;  Fig. 6b ), the Nattanen-type granites and shoshonitic rocks differ from the rapakivi granites in their lower Y+Nb values.
Petrogenesis
The U-Pb isotopic age data (Table 3 , Fig. 8 ) on zircon, monazite, and titanite indicate that the Nattanen-type granites south of the LGB and the Vainospää granite were emplaced at ca. 1.78 Ga. This is con-sistent with the 1.80-1.76 Ga ages earlier obtained for the Nattanen-type magmatism in the Fennoscadian shield (Vetrin et al., 2006; Rastas et al., 2001) .
The whole-rock and K-feldspar Pb isotope results (Table 4 ; Fig. 9 ) suggest that the source of the granites had resided in a relatively low U/Pb environment such as Archean lower crust (Kouvo et al., 1983) . The Nattanen and Vainospää K-feldspars plot close to the model Pb isotope ratios for the 1.8 Ga lower crust after Zartman and Doe (1981) . The Nattanen-type granitoids are slightly less radiogenic than the Vainospää granite. The K-feldspar data from the Nattanen and the Vainospää plutons are homogeneous implying that Pb was derived from well mixed source before incorporating into the crystallizing rock. Figure 10 show isotopic variations compared to SiO 2 compositions of the Nattanen, Vainospää, and Tepasto granites. The Nattanen granite shows the strongest crustal isotopic signatures, (least radiogenic initial Hf, Nd and uranogenic Pb isotopic composition) and the most evolved geochemical character. Experimental studies (Watkins et al., 2007) have shown that partial melting of hornblende-bearing (tonalitetrondhjemite-granodiorite) TTG in fluid-absent conditions is capable of producing small amounts of peraluminous granitic melts with high SiO 2 and K 2 O/ Na 2 O at the temperature of <850 °C (0.8-1.2 MPa). An increase in the temperature produces larger volumes of melts of same granitic composition. Zircon saturation temperatures (Fig. 7) for the Nattanentype granites are in the 720-880°C range, which fits the experimental studies. The high temperatures may have caused melting or resetting of inherited zircons and homogenized Pb-Pb isotope signatures. We suggest that the sources of the Nattanen granites are lower-crustal Archean hornblende-bearing TTG gneisses. High-T melting of low-radiogenic TTG source also explains the homogeneous Pb isotopic characteristics.
Our Pb isotope data are supported by previous Lu-Hf and Sm-Nd isotope studies. Patchett et al. (1981) reported less radiogenic initial ε Hf values for the Nattanen granites (-12.1) than for the Vainospää (-9.5) granites (Figs. 10b, 11b ), and Huhma (1986) reported lower initial ε Nd values for Nattanen (-9.1) than for Vainospää Figs. 10c; 11a) . The highest ε Nd value was reported for Tepasto Figs. op. cit.) , which also shows the most radiogenic Pb isotope compositions ( Fig. 9a; Fig 10 a) , indicating a smaller proportion of Archean source component. The isotopic variation of the different Nattanen-type plutons may be the consequence of varying amounts and nature of source components (U/Pb, Lu/Hf and Sm/Nd ratios and age). For example, Proterozoic metavolcanic rocks in the mainly Archean lower crust could account for the more juvenile character of the Tepas- to granite. This hypothesis is supported by the fact that this batholith is, at the present erosion level, surrounded by Proterozoic rocks (Fig. 1) . In addition to different isotopic compositions, some samples of the Vainospää and Tepasto granite show calc-alkaline geochemical features and elevated MgO, CaO and lower SiO 2 than the Nattanen granite, which further implies lithological differences in the source rocks. In summary, the isotopic and geochemical characteristics of the Nattanen-type granites were probably derived from felsic Archean crustal sources (ε Nd ca.
-13--10 and ε Hf ca. -12.1--9.5) with minor contributions from younger source components, possibly Proterozoic crust (ε Nd ca. -2.5-4.0; Fig. 11a ).
A petrogenetic model for the Nattanen-type granites needs to explain their widespread occurrence on both sides of the Kola-Karelia suture. The model should also account for the crustal source, high-T melting conditions, and A-type geochemical character. Experimental studies on the melting of TTG gneisses in high-T conditions (>850 °C at 0.8-1.2 GPa) have produced granitic melts via the breakdown of amphibole after the exhaustion of biotite and muscovite at lower temperatures (e.g., Watkins et al., 2007 and references therein) that fits well with the isotopic data of the Nattanen-type granites. In here we discuss two plausible tectonic environments that may have produced Nattanen-type granites: extensional setting (e.g. Rämö & Haapala, 2005) , and melting of thickened orogenic crust (Vorma, 1976; Windley, 1991) . In the case of extensional setting, mafic underplating is the most prominent mechanism and involves heating by mafic mantle derived magmatism and resulting partial melting in the crust, forming the parental magmas of the granites. Partial melting of the mantle may be related to rifting, extensional collapse of orogen, or deep mantle plumes (e.g., Haapala & Rämö, 1999 and references therein) . This model is supported by the FIRE 4 seismic reflector profile in Lapland that shows a strong reflection in lower crust (Patison et al., 2006) . Similar reflections have been described related to the Finnish rapakivi granites and interpreted as stretching and underplating (Korja & Heikkinen, 1995) . This tectonic setting is often regarded as the regime of A-type granites, but the post-orogenic nature of the Nattanen-type granites (these rocks are partly coeval with orogenic granites of the CLGC; Ahtonen et al., (2007) ) calls for also other regimes.
Another plausible tectonic environment, thickened orogenic crust, may have lead to thermal relaxation and is associated with increased radioactive heat production and normalization of the geothermal gradient, leading to high-T partial melting in stacked crust (e.g. Huerta et al., 1996; Vanderhaege & Teyssier, 2001) . A recent study on the thermal evolution of stacked crust in southern Finland suggested that the final products of crustal melting in thickened crust should be geochemically A-type, as higher temperatures are attained in the lower crust, allowing dehydration melting of amphibole to take place (Kukkonen & Lauri, 2009 ). In the case of the Nattanen-type granites the partial melting of intermediate-felsic crust, involving dehydration break-down of amphibole during thermal relaxation in the lower part of thickened crust is a plausible mechanism for the petrogenesis of the granites, and explains also the lack of observations of coeval, mantle-derived mafic magmatism. The Nattanen-type granites may be geochemically classified as oxidized A-type granites derived from e.g. amphibole-bearing, halogen-enriched rocks of the lower crust, but their tectonic setting can obviously be explained in more than one way.
Nattanen-type granites and tectonic evolution of the Fennoscandian shield
The tectonic evolution of the Fennoscandian shield was characterized by 2.5-2.0 Ga extension-dominated period in the Early Paleoproterozoic (Vuollo & Huhma, 2005 and references therein). After 2.0 Ga the dominant tectonic events were collisional and the shield grew rapidly by voluminous silicic magmatism that was coeval with the accretion of new terrains to the Archean craton. The collisional period between 1.9-1.8 Ga was a time for extensive crustal growth not only in the Fennoscandian shield but worldwide (e.g., Condie, 2000) . The 1.9-1.8 Ga tectonic events have been assigned to the formation of a supercontinent (Columbia) that consisted of at least Fennoscandia, Sarmatia, Laurentia, and Amazonia (e.g., Zhao et al., 2002) .
The Nattanen-type granites have been considered as post-orogenic relative to the ~1.9-1.8 Ga orogenic activity in Lapland caused by the collision of the Archean Norrbotten, Karelian, and Kola cratons (Lahtinen et al., 2005) . Some of the deformed granites of the central Lapland granitoid complex have ages that are similar to or even younger than those of the Nattanen-type granites (Ahtonen et al., 2007) , suggesting that the cessation of the collisional tectonics during the emplacement of the Nattanen-type granites was a more local phenomenon than previously thought and that the orogenic activity was not completely over in Lapland by 1.8 Ga.
The situation is similar in southern Finland, where minor shoshonitic post-orogenic granite magmatism (Eklund et al., 1998; Väisänen et al., 2000) was at least partly coeval with the voluminous Svecofennian late-orogenic collision-related leucogranite event between 1.85 Ga and 1.79 Ga (Kurhila et al., 2005; Nironen & Kurhila, 2008) . The shoshonitic granites of southern Finland are geochemically similar to the Nattanen-type granites (Fig. 6 ) and the differences in the geochemistry of the two suites may be a consequence of different sources. The Nattanen-type granites were derived from a dominantly Archean lower crust whereas the shoshonitic rocks of southern Finland have a Paleoproterozoic lithospheric mantle source. Crustal-scale fracture zones in stabilized crust probably explain the locations of the post-orogenic intrusions in the northern and southern parts of the Fennoscandian shield.
Conclusions
1. Geochemically the Nattanen-type granites are oxidized, A-type granites and they were derived from a predominantly Archean lower crustal source. They are post-collisional, not anorogenic. 2. U-Pb isotopic age data support the notion that the Nattanen-type granites of Finland and Russia were formed as a consequence of a single magmatic event at 1.80-1.76 Ga.
3. Whole-rock geochemical and isotope geological composition of the Nattanen-type granites suggests derivation mostly from Archean TTG gneisses, involving dehydration breakdown of amphibole. Minor compositional and isotopic differences between the Nattanen-type intrusions reflect varying proportions of different crustal materials in the source. 4. The formation of Nattanen-type granites can be explained at least in two ways: A) Mafic underplating in an extensional setting may have caused high temperature partial melting in the overlying crust, forming the parental magmas of the Nattanen-type granites. B) Postcollisional thermal relaxation, heat production, and stabilization of the geothermal gradient may have led to high temperatures in the thickened crust, and in the resultant formation of the parental magmas of the Nattanen-type granites. 5. In terms of tectonic evolution, the Nattanen-type granites represent the last magmatic event related to the Norbotten, Karelian, and Kola collision. Nironen, M. & Mänttäri, I., 2003. Rb_175x ppm  178  194  191  206  244  170  269  275  211  180  331  154  S_175x ppm  <100  <100  <100  <100  <100  <100  <100  <100  <100  <100  <100  <100  Sc_175x ppm  <30  <30  <30  <30  <30  <30  <30  <30  <30  <30  <30  <30  Sn_175x ppm  <30  <30  <30  <30  <30  <30  <30  <30  <30  <30  <30 48  41  173  164  197  274  252  251  197  115  242  184  152  246  150  <100  <100  <100  <100  <100  <100  <100  <100  <100  <100  210  120  <100  <30  <30  <30  <30  <30  <30  <30  <30  <30  <30  <30  <30  <30  <30  <30  <30  <30  <30  <30  <30  <30  <30  <30  <30  <30  <30  250  239  146  133  114  129  87.5  231  126  281  474  224  332  33  35  <30  <30  <30  <30  <30  <30  <30  44  44  45  <30  12 <20  186  248  129  160  130  147  195  154  181  289  291  401  115  5600  5000  4000  5380  4910  5980  6240  5170  5400  8100  5200  10000  2600  <5  <5  <5  <5  <5  <5  <5  <5  <5  <5  <5  <5  <5 
